The terrestrial distribution of halogens occurs in the following relative amounts in soil and fresh water: Cl>F>Br>I. In sea water the relative amounts of fluorine and bromine are reversed (Fowden, 1968) . The bulk of these elements is principally in the inorganic state either as dissolved salts or insoluble minerals. In addition naturally occurring organohalides are known to occur in mammals, invertebrates, insects, plants, algae, fungi and bacteria: more than 200 such compounds have been identified (Siuda & DeBernardis, 1973) . Most of these are products of fungal or lichen metabolism although certain of the chlorine-containing antibiotics such as chloramphenicol and chlorotetracycline are formed by species of Streptomyces. The biosynthesis of bromo-analogues of certain of these compounds can be directed in the laboratory by alterations in the chloride and bromide content of the growth medium, indicating that arange of specificity exists for the biosynthetic enzymes and that halide availability can determine product formation. The formation of organobromides by marine algae is therefore not surprising in view of the abundance of bromine in marine waters. Many structures of this group of compounds contain a bromine-substituted benzene ring, whereas naturally occurring organochlorides can also occur as aliphatics, alicyclics and heterocyclics. The natural occurrence of organic fluorine is much more limited, being confined to certain plants where it occurs as wfluoro-derivatives of acetic, oleic, palmitic, myristic and decanoic acids (Marais, 1944; Peters et af., 1960; Ward et al., 1964) . It is also found in a recently identified antibiotic, nucleocidin, from a Streptomyces sp. (Morton et al., 1969) .
There is evidence that industrial production of phosphate from minerals increases the fluoride content of contiguous air, water and soil, leading in some cases to synthesis of toxic fluoroacetic acid by green plants, which ordinarily form none (Yu & Miller, 1970; Peters & Shorthouse, 1972) . Since fluoroacetic acid occurs naturally, this may represent either an elevated 'natural' synthesis due to increased availability of fluoride or an advenVol. 4 titious synthesis. In some instances it may well be difficult to distinguish whether 'natural occurrence' is a consequence of industrial activities. Such is the case for the recent identifications of 2,s-dichlorophenol and 2,6-dichlorophenol in grasshoppers and ticks respectively (Eisner et af., 1971 ; Berger, 1972 ). It appears well established, however, that 2,4-dichlorophenol is a natural metabolite of a soil Peniciflium species and not an artifact (Ando et af., 1970) .
As a result of rapid developments in the fields of industrial and agricultural chemicals after the second World War, enormous quantities of organochlorine compounds have been produced. Between 1948 and 1961 the production of chlorinated hydrocarbons in the U S A . increased from 840000 to 2500000 tons and by 1961 approx. 75% of all chlorine used in this country was used for the production of chlorinated aromatic and aliphatic compounds. No doubt these values are higher now and are paralleled by similar increases in Europe. Organochlorine compounds are presently used in tremendous quantity and in a variety of industrial and agricultural situations as solvents, lubricants, heat-transfer media, insulators, insecticides, herbicides, plasticizers and others. The degree of chlorine substitution in these chemicals can vary from the monochlorinated herbicide, 2-methyl-4-chlorophenoxyacetic acid (C9H9C103), the insecticide, DDT (C1,H9Cld), the polychlorinated biphenyls (Cl2H8CI2-Cl2CIl0) to the completely substituted insecticide, Mirex (ClOCl,,) .
With increasing degrees of chlorine substitution in such molecules and in others, the carbon skeletons of which may be novel to the biosphere at the time of their introduction, the more they tend to persist, because they are not readily degraded by micro-organisms. Consequently, when rates of biodegradation are slowed or are prevented, then accumulation occufs with an increased probability of concentration and redistribution through the tissues of organisms constituting food chains. This is especially pronounced for compounds having hydrophobic properties, as is the case for a number of chlorinated hydrocarbons. The long-term effects of universal exposure to concentrations of organochlorine compounds not yet overtly toxic is of course not possible to gauge accurately at this time. Deleterious effects on wild life, however, particularly upon predators at the top of food chains, have been associated with organochloride compounds such as insecticides (Moore, 1965; Ratcliffe, 1970; Robinson, 1970) .
The main agents for returning organic carbon compounds to the carbon cycle are bacteria and fungi. It is these groups of organisms that effect mineralization of organochlorine compounds of natural occurrence and which might be expected to degrade those of synthetic origin. When chemicals of the latter category represent novel additions to our environment, their degradation will occur only if they are substrates for preexisting bacterial enzyme systems or after bacteria have evolved the necessary e&ymes for their degradation.
It has been pointed out by Hegeman (1972) that many industrial and agricultural chemicals have become quantitatively important compounds of the biosphere only in the past 10-20 years, whereas chemical and biochemical evolution has been taking place for over 4000000000 years. Persistence of some synthetic products in soil and water may therefore reflect insufficient time needed for evolution of capable biochemical mechanisms. Current views of the mechanisms by which bacteria evolve new catabolic abilities hold that recruitment of preexisting enzymes occurs by mutation in regulatory and structural genes (Hegeman & Rosenberg, 1970 ; Betz et af., 1974; Rigby et af., 1974).
The biodegradation of a halogenated compound can only be considered complete when both its carbon skeleton is converted into intermediary metabolites and its organic halide is returned to the mineral state. Enzymes of catabolic pathways, present in bacteria for the degradation of halogen-free compounds, rarely accomplish dehalogenation when confronted by halogenated substrate analogues. Exceptions to this are found for a number of fluorinated compounds that can act as substrates and can undergo fortuitous fluoride removal (Goldman, 1972~; Cain, 1972) . The inability of such systems, even those possessing some breadth of specificity for alkyl groups, to effect removal of chloride is evidenced by the numerous reports of the accumulation of chlorine-containing metabolites by cells acting on chlorine-substituted analogues of growth substrates. For 362nd MEFlmG, BANGOR 46s example 3-chloro-substituted catechols are formed when toluene-utilizing organisms act on chlorobenzene and 4-chlorotoluene (Gibson et al., 1968) ; Cchlorobenzoic acid is accumulated from pchlorobiphenyl by organisms able to utilize biphenyl (Ohmori et al., 1973; Ahmed & Focht, 1973) and 4-chlorocatechol is formed from both 3-chlorophenol and 4-chlorophenol by a phenol-utilizing strain of Rhodotorula glutinis (Walker, 1973) . Although these and other partial conversions have been viewed as important processes by which bacteria can modify man-made compounds by co-metabolic attack (Horvath, 1972; Horvath &Alexander, 1970) . they also serve to illustrate differences between those enzyme systems, which act on halogen-free intermediates, and those which are known to catalyse similar reactions with halogen-containing derivatives.
For bacteria to be able to utilize pathways such as these for the degradation of halogenated compounds it is necessary that removal of halogen substituents must occur at an early stage. A number of different systems effecting dehalogenation have been identified and studied; halide replacement by hydroxyl can occur, in some instances by hydrolysis, in others by neighboring group attack. Alternatively dehydrodehalogenation can occur, with the formation of olefinic products. Reductive replacement of chloride has been reported for a number of organochlorine compounds in anaerobic environments (Goldman, 19726) . Reactions of this latter type can also occur in the absence of micro-organisms (Zoro et al., 1974) .
It is not always the case, however, that dehalogenation must occur as an early reaction in a catabolic pathway. Consideration of the reaction sequences utilized by bacteria for the degradation of chlorinated phenoxyacetic acid herbicides, elucidated in considerable detail by the research groups of Evans and of Alexander, reveals that a number of reactions involving chlorinated intermediates can occur before dehalogenation steps are reached Bollag et al., 1968; Evans et al., 1971a,b; Gaunt & Evans, 1971a,b) . It is attractive to view certain of the participating enzymes as having evolved, possibly from the catechol ortho-fission enzymes (Stanier & Ornston, 1973) , for the degradation of a compound first used in agricultural practice in the middle 1940's. An alternative view can be taken that these sequences have long been available to bacteria as routes specifically evolved for the degradation of halogencontaining compounds of natural OcCuTTence such as 2,4dichlorophenol. Organisms able to degrade 2,4dichlorophenoxyacetic acid might then evolve from those with the ability to grow with 2,4dichlorophenol by acquisition of the enzyme system able to cleave the sidechain ether linkage.
From the above considerations it is not unexpected that bacteria may do little more than modify the structures of persistent organochlorine chemicals. These compounds are sufficiently different in structure from those found in chlorinated natural products that extensive degradation by specific or by fortuitous reaction sequences is precluded. Accordingly microbial action on these compounds is limited to those reactions that cause minor structural alterations often with a limited removal of halogen.
The author's research is supported by the National Science Foundation (grant no. GB 44228).
